(1-370:610-672) was created and tested for autoinhibition and 5μM activation compared to "mini-Pins." 5μM Pins inputs were used in the absence or presence (±) 50μM Gαi. For "mini-LGN," a GST-NuMA fusion was used (see supplemental methods). Inputs are (left to right )5μM mini-Pins, 5μM mini-LGN and 10μM Gαi. (C) Mini-Pins + GL1 is not autoinhibited as it binds constitutively to GST-Mud (left lane), but the GL1 domain is functional in its ability to bind Gαi because Gαi is pulled down into the solid phase (right lane). (D) Deletion of residues N-terminal to GL3 (amino acids 599-611) leads to partial activation suggesting a role in repressing Pins output. Figure 3D ) or Mud staining (right, Figure  S5A) . (E-G) Metaphase larval brain neuroblasts (NBs) were fixed and stained for Pins (red, apical), Inscuteable (green) and Miranda (blue, basal). 
Supplemental Experimental Procedures

Plasmid constructs
Full length Drosophila Pins cDNA (amino acids 1-658) was amplified from an embryonic cDNA library created using the Superscript III kit (Life Technolgoies). Gαi used in all experiments is mouse Gαi3 amino acids 25-354 (Nipper et al., 2007) cloned from a mouse cDNA library. We generated Pins mutants by Quick-change PCR (for point mutations), introduction of an early stop codon (for C-terminal deletion) or twostep PCR (for internal deletions). Pins and Gαi constructs were subcloned into pBH4-based expression vectors to encode a 6x histidine tag. Pins constructs used in this study were: The Pins FRET protein was generated as previously described in Nipper et al., 2007. Briefly, Pins ΔGL1,2 cDNA was subcloned into a pBH4-based vector encoding an N-terminal 6x histidine tag, followed by YFP (EYFP 1-239) and C-terminal CFP (ECFP 1-239) to create a YFP-ΔGL1,2 Pins-CFP fusion.
Protein expression and purification
Proteins were expressed in E. coli strain BL21(DE3) using pBH4-based vectors encoding a 6x histidine tag. His-tagged proteins were affinity purified on Ni-NTA agarose (Qiagen) and further purified using an AKTA FPLC (GE Healthcare) by anion exchange and/or size exclusion chromatography. Protein stocks were stored in binding buffer (20mM HEPES pH 7.5, 100mM NaCl, 1mM MgCl 2 and 1mM DTT). Total protein concentrations were determined by Bradford assay (Bio-Rad) relative to BSA standard.
In vitro reconstitution of Pins activation
A synthetic peptide containing the minimal Pins TPR binding domain of Mud isoform B residues 1934-1951 (SNLAMEDEEGEVFNNTYL, R.A. Newman, unpublished results) was obtained from EZ-Biolabs. Tetramethylrhodamine (TMR) was conjugated to a cysteine residue added to the C-terminus using TMR-maleimide (Life Technologies). Conjugation was carried out according to the manufacturers protocol and the TMR-Mud peptide was subsequently purified by RP-HPLC, characterized by MALDI-TOF mass spectrometry and resuspended in binding buffer.
Quantification of the Pins response to Mud as a function of Gαi concentration was conducted under the following conditions: 1μM Pins was incubated with 0.5μM TMR-Mud peptide in binding buffer. Increasing concentrations of Gαi were introduced to the system. Anisotropy was determined by exciting TMR at 555nm and observing emission at 580nm using an ISS-PC1 spectrofluorometer equipped with polarizers and a water bath at 20° C.
The percent of Pins activation was measured relative to the anisotropy of the free TMR-Mud peptide (0%) and to the maximal value of WT Pins observed at 20μM Gαi (100%). Because Pins with inactivating GL mutations had slightly lower final anisotropy, these constructs were normalized relative to the constitutively active Pins 1-610 saturated with one (Pins 1-610 ΔGL1) or two molecules of Gαi (Pins 1-610). For "miniPins," the maximal percent is relative to the maximum anisotropy value in the presence of 20μM Gαi.
For example, in the case of the WT Pins activation data shown in Figure 1D , the raw anisotropy (r) values reported here were converted into the Pins % activation data (ie: as in Figure 2D ) by subtracting the average anisotropy of the free TMR-Mud peptide (r = 0.063) from each data point. This value was converted to Pins % activation by dividing by the final averaged normalized anisotropy for WT Pins at 20μM Gαi (r = 0.107) and multiplying by 100%.
The apparent Hill coefficient, n H, app , was obtained by importing the Hill equation (Huang and Ferrell, 1996) into Profit and performing a best fit of the experimental data. We note that the n H, app obtained by fitting the raw anisotropy values or the normalized Pins % activation values were the same in all cases (data not shown).
Analysis of the ΔGL1,2 Pins FRET biosensor
The protein was expressed and purified as described above using SEC as a final purification step. 100nM FRET protein was incubated in binding buffer in the presence of increasing concentrations of Gαi. FRET was measured by exciting CFP at 433nm and the emissions of CFP at 475nm and YFP at 525nm respectively were measured. The FRET ratio is defined as the ratio of acceptor (YFP) to donor (CFP) emissions. The dissociation constant (K d ) was determined by fitting the data to a standard binding function.
Fly strains and genetics
The transgenic UAS-WT Pins strain was obtained from C.Q. Doe. The ΔGL1,2 Pins transgenic fly was created by subcloning into the pUAST vector encoding an Nterminal hemagglutinin (HA) epitope. Transgenic UAS-Pins constructs were on the second chromosome and balanced over Cyo, Actin-GFP and were crossed with a stock containing the pins P62 allele (Yu et al., 2000) balanced over TM3 Ser, Actin-GFP on chromosome three. Flies were crossed at room temperature with the worniu-Gal4; pins P62 /TM3 Ser Actin-GFP driver line (Nipper et al., 2007) for NB specific expression. Homozygous mutant pins larvae expressing transgenic Pins protein were identified by lack of expression of GFP in the gut.
The gene trap line G147-GFP, which expresses the GFP-tagged microtubule associated protein Jupiter (Siller et al., 2005) was used for live imaging experiments. A stock with this construct recombined with the pins P62 allele on chromosome three, was obtained from C.Q. Doe. This stock was crossed with the worniu-Gal4; pins P62 /TM3 Ser, Actin-GFP driver line to obtain worniu-Gal4; pins P62 , GFP-Jupiter/TM3 Ser, Actin-GFP. The Pins stocks described above were crossed to this new driver line and pins P62 homozygous larvae were identified from the absence of GFP expression in the gut.
Immunofluorescence Larval brain NBs were fixed and stained as previously reported (Siller et al., 2006) . Briefly, second to early third instar larval brains were dissected in Schneider's insect medium (Sigma) and fixed in PBS + 4% paraformaldehyde at room temperature for 20 minutes. Brains were washed in 1x PBS-BT (PBS + 2% BSA, 0.3% Triton-X 100, 0.02% sodium azide) three times and incubated with primary antibodies at 4° C overnight. Brains were washed six times in PBS-BT over 1 hour and incubated with secondary antibodies for 3 hours at room temp. After washing six times for 1 hour, brains were mounted in Vectashield mounting medium (Vector Labs).
The following primary antibodies and dilutions were used: rat anti-Pins (1:500), mouse anti-tubulin DM1A (1:1500), guinea pig anti-Miranda (1:500), mouse anti-HA (1:1000; Covance), rat anti-tubulin (1:500; abCam), rabbit anti-Mud (1:1000), rat anti-Par6 (1:250), rabbit anti-Inscuteable (1:1000). Secondary antibodies from Life Technologies or Jackson Immunoresearch were used according to manufacturer specifications.
Acquisition and analysis of images for spindle orientation determination and Mud recruitment
Fixed NB images were acquired on a Leica SP2 confocal microscope equipped with a 63x 1.4 NA oil immersion objective. The reported spindle angle value is the angle between the spindle vector to the cell center and to the center of the apical Pins or Par-6 crescent, as previously described (Siegrist and Doe, 2005) . Spindle angles were measured using ImageJ (NIH). Only cells in which the apical Pins signal was 1.5x greater than the cytoplasm were scored in our analysis. Figure panels were arranged using ImageJ, Photoshop and Illustrator (Adobe).
Images of fixed and stained larval brain NBs were acquired as described above. A mud crescent was scored if the pixel intensity at the apical cell cortex was ≥ 2x the signal intensity at the cell center. Cells expressing WT or ΔGL1,2 Pins were scored if the apical Pins intensities were ≥ 1.5x that in the cytoplasm. Signal intensity ratios were determined using Image J.
Live imaging of neuroblasts and quantification of spindle dynamics
Second to early-third instar larval brains from animals expressing either WT or ΔGL1,2 Pins and GFP-Jupiter in the pins P62 genetic null background were dissected in Schneider's insect medium supplemented with 5% FBS and 0.5μM ascorbic acid (Cabernard and Doe, 2009 ). Movies were made on a McBain spinning disc confocal microscope equipped with a 63x 1.4 NA oil immersion objective and Hammamatsu CCD camera. Images were acquired at four-second intervals with 2μm z-sections. NBs were identified as large cells in the central brain lobes. Prophase NBs were identified by the presence of two centrosomes that did not radiate microtubules into the cell center. Time zero is the start of prometaphase, when the centrosomes begin to nucleate microtubules form the mitotic spindle. Anaphase onset was determined as the moment when kinetochore microtubules at the center of the spindle began to shorten towards the spindle poles (Siller and Doe, 2008) . High velocity spindle movements were scored during the two-minute period immediately prior to anaphase onset. A high velocity spindle movement was scored for either the apical or basal spindle pole if the center of the spindle pole moved ≥ 2 pixels between frames (Siller and Doe, 2008) . Movie frames were acquired using Volocity 4 software, processed and analyzed in ImageJ, and movies were compiled in Quicktime.
Modeling of the Pins GoLoco "decoy" mechanism for ultrasensitivity
In this section we describe the analytical models used for the decoy systems described in the main text. The supplemental Excel spreadsheet contains these models and can be used to explore the effects of changes in parameters on Pins activation. The mass balance equation for the activator is given by:
where A is the activator (Gαi), [A] Wyman and Gill, 1990, pg. 59 and Goodrich and Kugel, 2007 
where f b,M * is the fraction of the Pins bound to Mud in the absence of Gαi (A) and is given by:
The parameters used for the simulated curves in the paper are listed in Table S1 . We determined the affinity of the activating site, GL3, for Gαi (K d,A ) by a best fit of the ΔGL1,2 Pins activation data ( Figure 6D ). This value was found to be 1.75 μM, near the 3.4 μM value we determined by FRET ( Figure 5A ). To obtain the K d,d , the affinity of Gαi for the decoy sites, we performed a best fit of the ΔGL1,2 Pins with GLs 1 and 2 added in trans data ( Figure 5B ). This predicts the affinities of GLs 1 and 2 to be 0.2 μM each. We believe each of these sites are approximately equal affinity because we estimated each K d to be 0.8μM by FRET (data not shown). In general, we have observed that the K d values measured using the FRET assay are somewhat higher than values measured using other methods, when available. We believe this results from the presence of protein truncations that only have a single fluorescent protein that compete against binding to the complete FRET sensor.
We used this equation to model the GL1,2 Pins plus GL3 peptide in trans experimental data ( Figure 6D ) to approximate the affinity of the GL3 peptide for Gαi. A best fit of the data predicts the affinity of the GL3 peptide = 60nM. This value is close to reported affinities of similar GL peptides (Adhikari and Sprang, 2003; Kimple et al., 2002) .
GST pull-down assays pGEX 4T-1 based expression vectors containing cDNA encoding for GST-fusions of Mud-B isoform residues 1931-1967 and NuMA residues 1889-1913 (the minimal region of NuMA for interaction with LGN TPRs, R. A. Newman, unpublished results) were expressed in E. coli. LGN cDNA was obtained from a mouse cDNA library created
